The band gap of SrTiO 3 retards its photocatalytic application. Regardless narrowing the band gap of the anion doped SrTiO 3 , the anion doping structures have low photoconversion efficiency. 
I. INTRODUCTION
Designing efficient materials to minimize or exclude utilizing hazardous substances is the heart of sustainable (green) life. Hydrogen production from solar water splitting as renewable green energy resources and minimizing environmental pollution by photoreduction of carbon dioxide via photocatalysis are few examples. Although photocatalysis efficiency has been extensively studied both experimentally and theoretically for decades, finding efficient photocatalyst is still the focus of many researchers. New course of metal-oxide materials has contributed to photocatalysis. However, most of the metal-oxide photocatalysts comprise large band gap causing lack of photoactivity under visible light. For instance, the ability of perovskites to absorb the visible spectrum is limited by their optical band gaps. Consequently, many experimental efforts to reduce perovskites optical gaps by chemical doping have been made [1] [2] [3] [4] . SrTiO 3 as a perovskite candidate is an oxide semicoductor with a band gap of 3.2 eV at room temperature. SrTiO 3 can be considered as a promising photocatalyst because of its ability to split water into H 2 and O 2 without the application of an external electric field [5] [6] [7] [8] . The large band gap (3.2 eV) activates the photocatalytic properties of SrTiO 3 by absorbing only UV radiation, which represents 3% of solar spectrum. In order to enhance the photocatalytic efficiency of SrTiO 3 in the visible light region, introducing doping states into the band gap and/or narrowing the latter are the common methods. Furthermore, the doping into a semiconductor can create a new optical absorption edge which is very important in the photocatalysis process.
Many experimental and theoretical publications have been performed to develop the photocatalytic efficiency of SrTiO 3 via doping in either cationic sites (mostly Ti) or the oxygen anionic site. In the band structure of SrTiO 3 , oxygen 2p-orbitals dominate in the valence band (VB) whereas Ti 3d-orbitals prevail in the conduction band (CB). Generally, anion doping serves mostly to modify the VB of SrTiO 3 due to different p-orbital energy of the dopant material, while cation doping usually produces gap states in the forbidden region or resonates with the bottom of the CB. For anionic dopant material, the N-doping has been tackled theoretically and experimentally. N-doping increases the photocatalytic activity by introducing mid-gap states which can prevent the charge carrier mobility resulting in decreasing the photoconversion efficiency [9] [10] [11] [12] . Moreover, C, F, P, S and B dopings have been studied to improve the photocatalytic properties, it is found that C doping at the Ti site decreases the band gap and thus improving their photocatalytic properties [12] [13] [14] .
On the other hand, cation doping using transition metals can increase the visible light activity but cannot activate water splitting such as Cr [8, 15, 16] , Mn, Ru, Rh and Pd [2, [17] [18] [19] . Furthermore, anion-cation, anion-anion or cation-cation codoping pairs have been used to enhance the photoresponse [10, [17] [18] [19] [20] . However, to our knowledge, all the cocation doping studies have been performed without giving attention to SrTiO 3 semiconductor characteristics.
In this contribution, designing a novel and efficient visible-light active photocatalyst (SrTiO 3 ) employing cation codoping is inspected taking into account the following criteria: the co-cation i) should not change the SrTiO 3 semiconductor characteristics, ii) does not make any significant distortion in the clean SrTiO 3 crystal, iii) reduces the band gap to absorb the visible light and iv) changes the band gap edge of the CB to fulfill the redox potential requirements for water splitting. The manuscript is organized as follows: in section II, the methods utilized in the calculations are represented. The pristine SrTiO 3 is discussed as a reference system for the rest of the calculations in section III. Moreover, section III outlines various cation monodoping collection which is the entry of different cation co-doping combinations emphasizing the band structure and its effects on the optical properties and photocatalytic activity. Finally, section IV concludes.
II. CALCULATION METHODS
The spin polarized density functional theory (DFT) calculations are performed using the projector augmented wave (PAW) pseudopotentials in the Vienna ab initio Simulations Package (VASP) code [21, 22] . For the exchange and correlation energy density functional, the generalized gradient approximation (GGA) [23, 24] in the scheme of Perdew-BuekeErnzerhof (PBE) [25] Heyd-Scuseria-Ernzerhof (HSE06) [27] [28] [29] . The exchange-correlation energy in the hybrid functional (HSE06) is formulated as:
The mixing coefficient (0.28) and the screening (µ = 0.2Å −1 ) parameters are considered to get the closer to the experimental band gap value [30, 31] . A 3 × 3 × 3 kpoint in the Brioullioun zone is utilized in the HSE06 calculations. Using the frequency dependent dielectric function as implemented in VASP, the optical properties are investigated. Figure   1 illustrates the crystal structure of pristine, mono-doped, and codoped SrTiO 3 which are used in this study 
B. mono-doped SrTiO 3

Mo/Ta doping
It is useful to discuss the influence of mono-doping on the SrTiO 3 electronic structure to understand the co-doping effect. First a Ti atom is replaced by a Mo one in the pristine SrTiO 3 . The optimized structure shows that the Mo−O bond length (1.944Å) does not change significantly as compared to Ti−O in pristine crystal due to comparable ionic sizes of Mo 6+ (R = 0.60Å) and Ti 4+ (R = 0.61Å) [3, 32, 33] . To determine the stability of the mono-doped structures, the defect formation energy (E f ) has been calculated using the following expression:
where E M −SrT iO 3 and E SrT iO 3 are the total energies of metal-doped SrTiO 3 and pristine SrTiO 3 , respectively. The µ T i and µ M stand for the chemical potential for Ti and dopant atom, respectively, which are assumed as the energy of one metal atom in their corresponding metal bulk structure [34] . The defect formation energy for Mo doping is found to be 3.36
eV. Figure 3 (left) displays the calculated density of states (DOS) and the projected one of the Mo-doped SrTiO 3 , the band gap becomes 2.0 eV which is less than that of the pristine structure (3.2 eV). The Fermi energy is shifted towards the edge of the CB suggesting an ntype conducting character. This is due to the excess two electrons compiled by Mo atom (Mo is in its 6+ oxidation state). The magnetic moment of the Mo-doped SrTiO 3 becomes 2 µ B .
The mid gap states are created at −0.8 eV below the conduction band. The band structure is shifted towards the low energy compared to the pristine structure and the created states arise from the contribution of the localized Mo states.
For Ta-doped structure, the bond length of Ta−O becomes (1.95Å) which is slightly larger than that of Ti−O due to the comparable ionic sizes of Ta 5+ (R = 0.64Å) and Ti 4+ . The calculated defect formation energy using eq. (2) for Ta-doping gives −3.21 eV suggesting a more stable and lower energy cost than Mo-doped structures. The effect of Ta-doping on the electronic structure is illustrated in Figure 3 The localized Zn states contribute at the top of the valance band and the band gap becomes less than the pristine structure by 0.8 eV as exhibited in Figure 4 (left). The Zn doping can experimentally improve the photocatalytic properties [35, 36] . In the case of Cd-doped So far, the mono-doped SrTiO 3 has been discussed in a bit details but the question now is whether the co-doping improves the properties of the pristine material. First, one can substantially look at the geometry and stability of the codoped material. In the case of 
where E M 1,M 2−SrT iO 3 is the energy of the codoped SrTiO 3 structure, µ M 1 and µ M 1 represent the chemical potential for first and second metals, respectively. The defect formation energy of the (Mo, Zn) codoped, 12.4 eV, is very close to that of Zn-doped SrTiO 3 . Moreover, the stability of the codoped structure can be determined using the defect pair binding energy which is calculated by [37, 38] :
where E M 1−SrT iO 3 and E M 2−SrT iO 3 are the energies of the mono-doped first and second metals, respectively. The defect pair binding energy is calculated as E b = 4.45 eV where the positive value indicates that the codoped structure is sufficiently stable [1] .
Second, it is necessary to explore how the electronic structure of 
D. Optical properties
The optical absorption properties of a semiconductor photocatalyst is to a large extent linked with its electronic structure which, in turn, affect the photocatalytic activity [39] .
Absorption in the visible light range is crucial for improving the photocatalytic activity of the doped SrTiO 3 . The optical properties are determined by the angular frequency (ω) dependent complex dielectric function ε 1 (ω) = ε 1 (ω) + iε 2 (ω), which depends solely on the electronic structure. The imaginary part of the dielectric function, ε 2 (ω), can be calculated from the momentum matrix elements between the occupied and unoccupied states. In addition, the real part can be calculated from the imaginary part by the Kramer-Kronig relationship. The corresponding absorption spectrum, was evaluated as implemented in VASP [4, 40] : In this section, the desired thermodynamic conditions for the water splitting photocatalyst is discussed. The most influential criterion for the water splitting photocatalysis is the position of the relative band edges, i.e. the VB edge should lie below the H 2 O/O 2 oxidation level and the CB edge is located above the H + /H 2 reduction level. Assuming fixed VB edge position, the closer the CB edge to the H + /H 2 reduction level is, the better the photocatalytic efficiency becomes as this reduces the band gap. Figure 9 shows that the calculated band edges positions of the pristine SrTiO 3 reveal water splitting photocatalytic activity.
However, the large band gap does not promote the visible light absorption. In the case of reduction level but, in the case of (Mo, Zn) dopant, it is very close to the reduction level suggesting that the former may not be capable of releasing hydrogen in the water splitting.
Hence, the codoping of (Mo, Zn) can be considered a good photocatalytic material. 
IV. CONCLUSION
Density functional theory is used to examine the structure, stability, electronic structure and optical properties of the co-catoinic doping of SrTiO 3 as well as those of monodopants.
Based on the HSE hybrid exchange correlation functional, the calculated band gap of pristine SrTiO 3 is in good agreement with the experimental finding. Although the Mo and Ta monodopants decrease the band gap of the pristine SrTiO 3 , the semiconductor properties are changed which change the characteristics of the structure. The (Ta, In/Ga) codoping is energetically more favorable than (Mo, Zn/Cd) system. However, codoping with (Ta, In/Ga)
